15 and yet possess simple atomic structures for the experimental set-up. Moreover, these ions have strong optical magnetic-dipole (M1) transitions than the previously proposed HCI clocks. They can be used for the cooling and detection techniques. To demonstrate the projected fractional uncertainties below 10 −19 level, we have estimated the typical orders of magnitudes due to many of the conventional systematics manifested in an atomic clock experiment, such as Zeeman, Stark, black-body radiation, and electric quadrupole shifts, by performing calculations of the relevant atomic properties. Investigating properties of highly charged ions (HCIs) has a very interesting history of nearly one century long. Their spectra were used progressively for identifying abundant of elements in the solar corona and other astrophysical objects, describing nuclear reactions, etc. to great extent [1] [2] [3] [4] . However, only recently it has been recognized that HCIs are the potential candidates for making ultra-high precision atomic clocks and probing many fundamental physics [5] [6] [7] [8] [9] [10] . Relatively weaker forbidden transitions with narrow linewidths in HCIs are apt for excellent frequency standards as they are less sensitive to the external electromagnetic fields owing to extraordinarily contracted atomic orbitals compared to those of neutral or singly charged atoms. However, most of HCI transitions are in the x-ray region that are beyond the reach of the available narrow-bandwidth lasers. Only a very few HCIs, belonging to two specific categories, have been suggested for making optical clocks. One of the possibilities is the transition at the level crossings of two nearly degenerate states [6] [7] [8] [9] and the other is the magnetic dipole (M1) transitions among the fine-structure and hyperfine manifolds [5, 10] . Some of previously proposed HCIs have complicated atomic structures to carry out experiments and it is strenuous to perform high precision calculations in them for any theoretical studies, and also some suggested excited states of the clock transitions in these HCIs have short lifetimes which limit their quality factors (Q) to smaller values. Most of the earlier proposed HCI clock candidates lack appropriate *
Investigating properties of highly charged ions (HCIs) has a very interesting history of nearly one century long. Their spectra were used progressively for identifying abundant of elements in the solar corona and other astrophysical objects, describing nuclear reactions, etc. to great extent [1] [2] [3] [4] . However, only recently it has been recognized that HCIs are the potential candidates for making ultra-high precision atomic clocks and probing many fundamental physics [5] [6] [7] [8] [9] [10] . Relatively weaker forbidden transitions with narrow linewidths in HCIs are apt for excellent frequency standards as they are less sensitive to the external electromagnetic fields owing to extraordinarily contracted atomic orbitals compared to those of neutral or singly charged atoms. However, most of HCI transitions are in the x-ray region that are beyond the reach of the available narrow-bandwidth lasers. Only a very few HCIs, belonging to two specific categories, have been suggested for making optical clocks. One of the possibilities is the transition at the level crossings of two nearly degenerate states [6] [7] [8] [9] and the other is the magnetic dipole (M1) transitions among the fine-structure and hyperfine manifolds [5, 10] . Some of previously proposed HCIs have complicated atomic structures to carry out experiments and it is strenuous to perform high precision calculations in them for any theoretical studies, and also some suggested excited states of the clock transitions in these HCIs have short lifetimes which limit their quality factors (Q) to smaller values. Most of the earlier proposed HCI clock candidates lack appropriate Two isotopes have nuclear spin I = 0, which is advantageous to suppress the second-order Zeeman effect. (v) The last but not the least to mention here that the Ni and Cu HCIs are abundant in the astrophysical objects [3] ; thus one can make a comparative analysis between the astrophysical observations with the clock measurements to infer about temporal variation of the fine structure constant [4] .
The basic spectroscopy of the aforementioned S-like HCIs have been investigated before for their extensive usages in the identification and interpretation of the emission lines in the astrophysics, fusion reactors, plasma diagnostics, etc. [12] [13] [14] [15] [16] . However, most of these studies are concentrated on the allowed transitions, since their optical signals can be observed easily. The forbidden transitions between the 3 P 0 and 3 P 2 states, which are also important from the astrophysics point of view, have received less attentions. On the other hand, the spectroscopy of the considered Se-like ions are not well known. We have performed calculations of the excitation energies (EEs) and lifetimes of the excited states using the multi-configuration Dirac-Hartree-Fock (MCDF) method of the GRASP2K program [17] , that are useful for the clock and cooling transitions of the above ions, and give them in Table I . The energies are compared with the experimental values quoted in the National Institute of Science and Technology (NIST) database [19] . We have considered the Dirac-Coulomb (DC) interaction Hamiltonian along with the Breit and lower-order QED effects in these calculations. The calculated energies in Ni 12+ and Cu 13+ are in good agreement with the experimental values [19] , from which the wavelengths of the It has also been one of the most demanding tasks so far to find out suitable cooling transitions for the HCI clocks. We have come up with a few step-wise strategy of cooling mechanism to bring down the proposed HCIs to the desired low temperature for the clock frequency measurements. As known HCIs can be produced using one of the procedures like accelerator, high-power laser, electron cyclotron resonance, electron beam ion sources etc. techniques. Initially these ions can be trapped at very high temperature, in the order of megakelvin, then they can be decelerated in the traditional approach to reach temperature around 10 5 K. At this stage, one may adopt the evaporation technique to bring the temperature down to 10 4 K with the storage time up to 1000s [20] . Following this, sympathetic cooling technique can be to applied to decrease the temperature down to milliKelvin as has been demonstrated in Ref. [21] . In this process another species is trapped simultaneously with the ion matching with its mass to charge ratio. In our case, the ratios for the Pd 12+ and Ag 13+ HCIs match well with the Be + ion. Subsequently, the narrow 3 P 1 − 3 P 2 lines in Cu 13+ , Pd 12+ , and Ag 13+ , as shown in Fig. 1 , can be used for the laser cooling to achieve temperature about nK. This can suppress the uncertainties due to the second-order Doppler effects in the proposed HCI clocks.
We analyze the most commonly transpired systematics in the atomic clock experiments for the considered HCIs. We list many properties of the atomic states associated with the clock transitions including I values of the relevant isotopes in Table II and give typical orders of magnitudes of the systematics deducing from them. It to be noted that these are the absolute values, but more precise values of the clock frequencies can be obtained by determining their uncertainties when the actual measurements are carried out. The Q values are estimated from the calculated lifetimes of the excited states given in Table I . We have evaluated the electric dipole polarizabilities (α E1 ) and quadrupole moments (Θ) adopting the finite-field approach in the FSCC method [18] and magnetic dipole (A hf ) and electric quadrupole (B hf ) hyperfine structure constants using the MCDF method [17] . More details of these results can be found in the Supplemental materials. We also give magnetic dipole polarizabilities (α M1 ), that may contribute significantly to the proposed clock transitions.
The first-order Zeeman shift is defined by δE Zeem shift can be eliminated by choosing the M J = 0 → M J = 0 transition in Ni 12+ and Pd 12+ or measuring for all the Mcomponents in Cu 13+ and Ag 13+ . However, the secondorder shift, δE
, can be significant, wherein δα M1 is the differential value of α M1 between the clock states. By defining the M1 operator O M1 = ( L + 2 S)µ B with L and S as the orbital and spin angular momentum operators respectively, we evaluate α M1 for the |γJM J state as
with the energies E and the reduced matrix element
For the hyperfine level |F, M F , we estimate α M1 by considering only the dominant contributions from the hyperfine manifolds of the same principal (n) and angular momentum (J) states and neglecting contributions from other angular momentum states as
in which the reduced matrix element of O M1 is given by
in which g J is evaluated by
We have determined hyperfine energy levels as
where K=F (F + 1) − I(I + 1) − J(J + 1). Assuming a typical value of B=5 × 10
Zeem is found to be below 10 −19 . However, we find that the secondorder Zeeman shift in the 63 Cu 13+ and 107 Ag 13+ HCIs are slightly larger due to small energy difference between the hyperfine levels. To suppress this systematics in these two ions, it may be needed to calibrate the magnetic field more stringently.
The α E1 value of a HCI scales as 1/Z 2 /2, to the clock transitions with the typical electric field strength E=10 V /m. Also, the light shifts that could be caused by the probe and cooling lasers can be strongly suppressed owing to very small δα E1 0 values. Here we have assumed that contribution due to the tensor components, which are one order smaller than their scalar polarizability values in the states with J=2, can be either averaged out by performing measurements in all the M-components or suppressed by using slightly weaker probe light intensity [22] .
The differential BBR shift at the room temperature, T =300K, due to the E1 channel for the clock transitions are estimated using the expression
and found to be much lower than 10 −19 level. Similarly, the BBR shift due to other dominant M1 channel of the |η state, say, can be estimated using the formula
where µ 0 , K B , , and c are the magnetic permeability, Boltzmann's constant, Plank's constant, and speed of light, respectively. The respective expressions of η||O M1 ||β for the atomic and hyperfine levels are used from Eqs. (2) and (4) to estimate the M1 BBR shifts of the states involved with the clock transitions. Then, the BBR shift of the clock transition is determined as
which are found to be below 10 −19 at the room temperature in all the four HCIs.
The electric quadrupole shift, ∆E Θ = −ΘE zz /2 caused by the gradient of the applied electric field E zz in the zdirection on a state with quadrupole moment Θ, could be a major systematic in the atomic clocks. Our choice of upper state as 3 P 0 and lower state as 3 P 2 (F = 1/2) in Cu 13+ warrants ∆E Θ = 0 since Θ = 0 in these states. However, ∆E Θ values in the lower clock states in Ni 12+ , Pd 12+ , and Ag 13+ are substantially large, about 10 −15 with respective to ν for the typical magnitude of ∂E z /∂z ≈ 10 8 V/m 2 due to nonzero values of Θ. It is possible to nullify ∆E Θ in these states by performing measurements in all their M -components and averaging out as has been demonstrated in [22] .
From the wavelengths and lifetimes of the excited states listed in Table I and magnitudes of all the major systematics mentioned in Table II , it is evident that the selected S-like Ni 12+ and Cu 13+ and the Se-like Pd
12+
and Ag 13+ ions are the potential HCIs for the optical for the optical atomic clocks with Q-factors larger than 10 15 and fractional systematics below 10 −19 . These HCIs also have several exceptional advantages as clocks, such as availability of strong transitions in optical range facilitating to adopt the laser cooling, reliable initial state preparation and efficient state detection mechanisms, possibility to infer variation of the fine structure constant comparing with astrophysical observations etc., apart from having simpler atomic energy levels. Most importantly these ions can be easily produced using the presently available facilities.
